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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Characterisation of ductile fracture is a major problem, especially in the nuclear industry where the material behaviour 
needs to be characterized over a wide range of temperature considering the embrittlement of the material due to 
irradiation.. Use of the J-Δa curve for stable crack growth is useful, but transfer of crack growth curve from specimen 
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1. Introduction 
In recent years there has been a growing interest in studying the behaviour of cracked components. The failure 
sequence for a ductile specimen or a structure containing a pre-existing crack is fracture initiation, stable crack growth 
under prescribed loading conditions and final instability. Fracture initiation has been well characterized in terms of 
critical value JIC of the J-integral, provided certain geometrical considerations are satisfied. However, characterisation 
of ductile fracture is a major problem, especially in the nuclear industry where the material behaviour needs to be 
characterized over a wide range of temperature considering the embrittlement of the material due to irradiation. 
Several candidate fracture parameters have been used to quantify crack growth in the elastic-plastic regime which 
include stress intensity factor, integral parameters such as J-integral, energy release rates such as GΔ and geometric 
parameters such as crack tip opening displacement. Each of the fracture parameter fails to meet one or more of the 
necessary requirements. There are not many solutions to simulate crack growth during ductile test. Use of the J-Δa 
curve for stable crack growth is popular, although it is accepted that the J-Δa curve may depend on the geometry of 
the specimen or the component and hence transfer of laboratory test data to the actual component is not 
straightforward. Serious attempts have been made to modify J-a curve so that a unique curve relating J and crack 
growth can be used to describe stable crack growth and equally applicable for both specimen as well as the component. 
To resolve this problem, new approaches were developed which can be classified into two: 
1. The two-parameter global approach adds to the J-integral a second parameter which characterizes the geometry 
and loading conditions. The most well known models are J-T model proposed by C Bertegon and J.W. Hancock 
(1991) and J-Q model proposed by N. P. O’Dowd and C. F. Shih (1991). However there are very few works using 
these approaches without any real success. 
2. Another approach are the local approaches proposed by A.L. Gurson (1977), V. Tvergaard et al. (1984), 
Rousselier G. (1987) where the crack growth is described by modelling the local fracture by micromechanical 
models which aims to model the damage which occurs in three different stages: nucleation, growth and 
coalescence of voids. Disadvantages of these local approaches by A.L. Gurson (1977), V. Tvergaard et al. (1984), 
Rousselier G. (1987)  are: 
 Numerically heavy in case of complex structures. 
 Need for estimating several material parameters which are difficult to estimate. 
 Mesh size dependence. 
Marie and Chapuliot (1998) used the concept introduced by Turner (1990) i.e. the energy dissipation rate to simulate 
stable crack growth for a ductile specimen. Here a crack growth criterion is propounded by associating energy 
dissipation rate with an energy release rate Gfr, calculated locally near the crack tip and by defining the energy required 
for a finite crack extension λ. They also proposed several methods to calculate Gfr which has been discussed in details 
in the next section. 
Nomenclature 
Gfr Critical Fracture Energy JM-pl Modified J-integral 
Gc Critical Energy Release Rate Jpl Plastic J-integral 
dut Total Energy Balance supplied to crack system γ(a) Parameter which is a function of crack length and hardening exponent. 
 
dUe Total Elastic Energy B Thickness of the specimen 
dUd Total Dissipated Energy b Un-cracked Ligament Length 
dUgpl Total Global Plastic Energy    da Change in crack length 
dUfr Total Change in Fracture Energy af, a0 Final crack length, Initial Crack Length 
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2. Estimation of Critical Fracture Energy Gfr 
The crack growth phenomenon in ductile material is always associated with plasticity at the crack tip. The input energy 
supplied to the cracked system includes fracture energy and plastic dissipative energy. At a particular instant during 
crack growth, additional crack extension requires an additional energy for creating new surfaces and additional plastic 
zone. This additional energy can be calculated at the crack tip and is termed as fracture energy. In general, global 
energy balance is given by 
 
t e ddU du du= +da da da                                      (1) 
 
where  
dUt is the total energy supplied to the cracked system. 
dUe is the elastic energy 
dUd is the total dissipated energy  
To characterize ductile crack growth Turner (1990) and N’Guyen (1980) suggested the use of this energy dissipation 
rate mentioned above. The energy dissipation rate can be defined as 
 
gpld frdudu du= +da da da                         (2) 
 
Turner (1990) proposed that for a long crack growth the global plasticity saturates and thus in such a situation the 
change in global plasticity becomes equal to zero and therefore the change in total dissipative energy becomes equal 
to the change in fracture energy dUfr termed as (GcBda) and since Gfr is the energy required to make the crack extend 
by one unit of length they can be related as given by, 
 
G� � �� G��           (3)  
Once the fracture parameter Gfr was established, Marie and Chapuliot (2000) proposed several schemes to estimate 
fracture energy from the global Load-Load Line Displacement curve.  
2.1 Estimation of Gfr from Load versus Load Line Displacement Curve. 
The method proposed by Marie and Chapuliot (2002) is a simplified process which consists of building a system of 
stationary load vs. load line displacement curves as shown in Fig 1. It is based on the assumption that during 
propagation, the global state of structure (load, displacement and crack length a) is approached by the state on the 
load-displacement curve with a stationary crack, with length equal to a (1990). 
 Fig 1. Load-LLD curve. 
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In Fig 1.curve 1 is an experimental curve with growing cracks, while 2 and 3 are curves with stationary crack of crack 
lengths a and a+da respectively. Based on the assumption as mentioned above, the point A is a point on growing curve 
1 for a crack length of ‘a’. Similarly point D is a point on the growing curve for a crack length of ‘a+da’. For the crack 
growth from ‘a’ to ‘a+da’, the path A to C is considered with the change in displacement from Δ1 to Δ2 at a constant 
crack length ‘a’ and then path C to D with a crack growth da at constant displacement. The total change in plastic 
energy for the path A to C is the plastic part of ACΔ1Δ2. If it is considered that the change in global plastic energy for 
the change in displacement from Δ1 to Δ2 is same for the crack lengths ‘a’ and ‘a+da’ then the change in global plastic 
energy is estimated as BDΔ1Δ2. Hence, the plastic part of the area ABDC is the fracture energy required for the crack 
growth ‘da’. Thus 
Area ABCDpl = GcBda.                                                                                           (4) 
Once the value of Gc is calculated from the Load-Load Line Displacement curve the value of Gfr can be calculated 
using eq (3). 
2.2 Estimation of Gfr from the slope of Jm-pl versus Δa curve 
It was Marie and Chapuliot (2002) who suggested that this definition of Gc as proposed by them is somewhat similar 
to the J-integral: since J-integral (by definition) in non-linear elasticity represents the energy release rate corresponding 
to an infinitesimal advance of crack. 
.
dJ
B da
                (5) 
 Fig 2. Comparison between the Gc geometric interpretation and the usual J calculation method 
 
A comparison was made between geometric interpretations for calculating Gc to that of J- integral. It appeared that 
the area ACDB connected to Gc could be deduced from the difference of J, calculated in the configuration 
corresponding to the crack length a, between points A and D. In the same manner, the plastic component of this energy 
can be obtained from the J plastic variation between these same points thus leading to a new relationship 
c fr pl plG G .da= J (C)-J (A)                                                             (6) 
However J-integral is geometry dependent and hence Ernst’s modified J- integral (1983, 1992) JM-pl is used which is 
less sensitive to geometry. Where, 
f
0
a pl
M-pl pl a
JJ =J + γ(a) b                                                                        (7) 
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3. Finite Element Simulation 
Finite element simulated results of fracture test of CT is developed as a three dimensional plane strain model in 
ABAQUS FE software. The specimen size, W = 50 mm, with an initial crack length, a0, of 25 mm.  
The loading pins are modelled as rigid bodies. The specimen is loaded by applying a displacement to the upper pin in 
the upward vertical direction; all other motions of the pin are restrained. Surface-to-Surface contact with finite-sliding 
formulation is defined between the pins and the specimen. Only one analysis step is used. There is an initial step by 
default where the contact is established between the pin and the specimen constraining the motion of pin in all 
directions. In the only step analysis used in this model, a controlled displacement loading of the pins is applied. The 
specimen is loaded by applying a displacement to the upper pin with suitable boundary conditions. 
 
  
Fig 3. Focused mesh around a crack tip Fig 4. Load-LLD curve 
 
4. Estimation of Critical Fracture Energy, Gfr 
The material that has been studied in the present work is German Steel 20MnMoNi55 used in reactor pressure vessel. 
Different experiments were carried out for the same material 20MnMoNi55 steel for varying geometries (different 
a/W ratios and different crack lengths) and at different temperature conditions (i.e. from 22°C to -80°C). The material 
properties of the material under consideration are as follows: 
 
E = 210 GPa ν= 0.3; σys=465 MPa 
4.1 Estimation of Gfr values using Graphical Method 
 
Table 1 Estimation of Gfr for 20MnMoNi55 steel using graphical approach for different a/w ratio 
Sl. No. a0 (mm) a/W 
Area ABCDpl (mm2) 
GC (MPa) 
(Critical Energy Release 
Rate) 
Gfr (MPa) 
(Critical Fracture Energy) 
For 1mm 
crack 
growth 
For 2mm 
crack growth 
For 1mm 
crack growth 
For 2mm 
crack growth 
For 1mm 
crack growth 
For 2mm 
crack growth 
1. 22.68 0.45 7703.17 30698.42 308.13 613.97 308.13 306.98 
2. 22.82 0.46 8345 33167 333.8 663.34 333.8 331.67 
3. 25.99 0.51 7780.60 30640.46 311.22 612.81 311.22 306.40 
4. 24.52 0.49 8340.75 33040.00 333.63 660.80 363.63 330.40 
5. 27.50 0.50 7091.19 27785.11 283.65 555.70 283.65 277.85 
6. 27.88 0.56 6640.60 24493.40 265.62 489.87 265.62 244.93 
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4.2 Estimation of Gfr from the slope of Jm-pl versus Δa Curve 
   
Fig 5. JM-pl versus Crack growth at 22°C Fig 6. JM-pl versus Crack growth at 0°C 
   
Fig 7. JM-pl versus Crack growth at -20°C Fig 8. JM-pl versus Crack growth at -40°C 
   
Fig 9. JM-pl versus Crack growth at -60°C Fig 10. JM-pl versus Crack growth at-7 0°C 
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specimen is loaded by applying a displacement to the upper pin with suitable boundary conditions. 
 
  
Fig 3. Focused mesh around a crack tip Fig 4. Load-LLD curve 
 
4. Estimation of Critical Fracture Energy, Gfr 
The material that has been studied in the present work is German Steel 20MnMoNi55 used in reactor pressure vessel. 
Different experiments were carried out for the same material 20MnMoNi55 steel for varying geometries (different 
a/W ratios and different crack lengths) and at different temperature conditions (i.e. from 22°C to -80°C). The material 
properties of the material under consideration are as follows: 
 
E = 210 GPa ν= 0.3; σys=465 MPa 
4.1 Estimation of Gfr values using Graphical Method 
 
Table 1 Estimation of Gfr for 20MnMoNi55 steel using graphical approach for different a/w ratio 
Sl. No. a0 (mm) a/W 
Area ABCDpl (mm2) 
GC (MPa) 
(Critical Energy Release 
Rate) 
Gfr (MPa) 
(Critical Fracture Energy) 
For 1mm 
crack 
growth 
For 2mm 
crack growth 
For 1mm 
crack growth 
For 2mm 
crack growth 
For 1mm 
crack growth 
For 2mm 
crack growth 
1. 22.68 0.45 7703.17 30698.42 308.13 613.97 308.13 306.98 
2. 22.82 0.46 8345 33167 333.8 663.34 333.8 331.67 
3. 25.99 0.51 7780.60 30640.46 311.22 612.81 311.22 306.40 
4. 24.52 0.49 8340.75 33040.00 333.63 660.80 363.63 330.40 
5. 27.50 0.50 7091.19 27785.11 283.65 555.70 283.65 277.85 
6. 27.88 0.56 6640.60 24493.40 265.62 489.87 265.62 244.93 
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4.2 Estimation of Gfr from the slope of Jm-pl versus Δa Curve 
   
Fig 5. JM-pl versus Crack growth at 22°C Fig 6. JM-pl versus Crack growth at 0°C 
   
Fig 7. JM-pl versus Crack growth at -20°C Fig 8. JM-pl versus Crack growth at -40°C 
   
Fig 9. JM-pl versus Crack growth at -60°C Fig 10. JM-pl versus Crack growth at-7 0°C 
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Fig 11. JM-pl versus Crack growth at -80°C Fig 12. Gfr versus Temperature at varying temperatures 
 
 
Table 2. Comparison of estimated Gfr from two different approaches 
for different a/w ratio Table 3. Estimated Gfr values at varying temperatures 
Sl. 
No. a0 a/W 
Gfr 
Gfr from 
the slope 
Jm-pl-Δa 
curve 
For 1mm 
crack 
growth 
For 2mm 
crack 
growth 
1 22.68 0.45 308.13 306.98 277.2 
2 22.82 0.46 333.8 331.67 379.6 
3 25.99 0.51 311.22 306.40 382.1 
4 24.52 0.49 333.63 330.40 336.9 
5 27.50 0.55 283.65 277.85 273.6 
6 27.88 0.56 265.62 244.93 232.0 
 
Sl. 
No Temperature 
Gfr from the slope 
Jm-pl- Δ a curve 
1 22 336.1 
2 0 307.2 
3 -20 310.0 
4 -40 323.0 
5 -60 295.9 
6 -70 209.8 
7 -80 54.61 
  
 
5. Conclusion 
 
i. Gfr values have been estimated for the material 20MnMoNi55 steel for different crack lengths using both 
graphical approach and from the slope of Jm-pl method (Table 1 and Table2). It is observed using both the 
approaches the Gfr values are very close to each other and almost constant for different a/w ratios for the material 
20MnMoNi55 steel.  The deviation in the estimation of Gfr for varying geometries is ±17% using Jm-pl method 
whereas for graphical approach the deviation is around ±9%. 
ii. The Gfr values estimated from the slope of Jm-pl–Δa curve for low temperature is somewhat expected as we can 
see from Table 3. With the decrease in temperature there has been a considerable amount of decrease in the 
values of Gfr.  Since the contribution of ductile stretch is almost negligible at -80°C so the Gfr has dropped down 
very steeply as shown in Fig 11. As the crack growth is very low at-80°C so the Gfr has been estimated from the 
slope of Jm-pl –Δa curve at a low regime of crack growth. 
iii. In the lower temperature regime multiple tests and evaluation of Gfr is required to characterise it. 
iv. A combined model consisting Gfr to capture the contribution of temperature dependent ductile stretch and energy 
for brittle fracture can be useful to characterise fracture toughness in DBTT. 
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